Abstract. In the sheet metal forming industry lubricants are applied in forming processes to expand the technological boundaries by reducing friction and wear. The friction between tool and sheet metal is crucial to the deep drawing process. Due to economic and ecological reasons the aim of the manufacturers is to reduce or even avoid the use of lubricants. Consequently, this approach enables both a shortening of the process chains and an essential saving of resources. The advantages of structured forming tools in lubricated processes concerning the reduction of the coefficient of friction by the appearance of lubricating micro pockets are well-known. However, without using any lubricant this effect does not work. In this case the contact area is reduced by structuring the forming tool which affects the tribological system. In this paper the influence of microstructures with different geometries and surface treatments (uncoated / a-C:H:Si-coating) on the coefficient of friction in dry metal forming of the alloy AA5182 is compared to the frictional behaviour of unstructured forming tools using lubricant as reference. Before coating, the forming tools are machined by milling to generate tribologically effective microstructures. With the use of a strip drawing plant the effects of different surface microstructures and materials on the coefficient of friction are investigated.
Introduction
The rethinking concerning ecology and the demand for dry manufacturing involving to a "lubricant free factory" came into being by the growing ecological understanding which had been starting with the detection of the greenhouse effect at the beginning of the 20th century [1] and came into force with the ratification of the "Agenda 21" by the then 172 UN-members in 1992 [2] . Due to the lack of a universally valid description of "dry forming"' the following definition proposed by VOLLERTSEN [3] can be used from a process chain´s view: "Dry metal forming is a process where a work piece leaves the forming tool without the necessity of cleaning or drying before further production steps such as coating or joining processes."
Lubricant free forming technology is being investigated since the 1980's. Priorities for research have been the usage of ceramic based tools [4, 5] self-lubricating layer systems [6] and antiabrasion coating of tool surfaces. Thereby, DLC-coatings besides TiCN and TiC-TiN-layer systems show a high potential for wear protection and the reduction of the coefficients of friction depending on the combination of work piece and tool [7] [8] [9] [10] [11] .
Another possibility to influence the tribological behaviour between the tool and the work piece to control the material flow is the structuring of the tool surfaces. Numerous studies have shown how material flow can specifically be supported as well as hampered by using micro-and macrostructures [12] [13] [14] .
Experimental

Microstructuring
It was proved by REIHLE [15] , that the higher the normal pressure, the less is the coefficient of friction. To verify this effect the surface of the drawing tools was microstructured. The aim was to have a variation in the contact area and the effective normal pressure in strip drawing test respective.
To avoid a preferred direction, rotationally-symmetric elements (calottes) were arranged in a pattern. To get the contact area the projected area of the calottes has to be subtracted from the functional surface of the tool. Due to this matter, the contact area was reduced to approximately 75 % using 960 calottes on an area of 1.080 mm². By generating 480 calottes of the same dimensions the reduction amounts about 87.5 %. The drawing tools were made from cold working steel 1.2379 (X153CrMoV12) and heat-treated up to a hardness of 60 HRC. After the heat-treating process all functional surfaces were ground and polished for reaching a roughness value of Ra = 0.02 µm. The polished functional surfaces were structured by a coated cemented carbide ball end milling cutter (diameter: 0.8 mm). Machining was performed at a four-axis microcutting centre in gantry design (Kugler Microgantry ® ). To avoid sharp edges of the calottes to the adjacent functional surface a radius of about 100 µm was manufactured. To realise a contact area of 75 %, the calottes were arranged to each other with a distance of 1 mm in both direction (Fig. 1a) . For a contact area of 87.5 % the gap is 1.5 mm.
After applying the wear-resistant coating (a-C:H:Si, thickness: ca. 2 µm) on the drawing tool, the functional surface was investigated per scanning electron microscope (SEM). Occasional coating delamination can be detected on the ground of the calottes (Fig. 1b) . These might be caused by stresses during the cooling phase of the coating operation due to the concave geometry or burrs, which could not be eliminated completely by the polishing process. However, an influence on the intended strip drawing test can be excluded, because there is no contact between the coating delamination on the bottom of the calotte and the aluminium sheet metal. 
Strip drawing test
Strip drawing test are done to determine the coefficients of friction. Important tribological process parameters like sheet metal material, lubrication, coating and structure of the tool surface have been considered to be as close as possible at the real forming process (Fig. 2a) .
Using the strip drawing test with flat drawing tools enables simulating the tribological system between blank holder and sheet metal. The sheet metal, fixed on a sliding device, was pulled under the drawing tool loaded with a normal force F N (Fig. 2b) . No tangential force application was used. The friction force F R was determined by a measurement device. Assuming the COULOMB friction, the coefficient of friction µ was calculated. The applied velocity (v str = 50 mm/s) is in typical ranges of common deep drawing processes. The coefficients of friction µ were determined for seven different normal pressures from 1 to 17 MPa. The test conditions and the test matrix are shown in Table 1 and Table 2 . The reference tests were made using lubrication. The following tests were performed using coated drawing tools but no lubrication. Due to the structured functional surfaces the contact area of the drawing tools and the effective normal pressure respective was influenced by microstructuring of the functional surfaces.
Results
Reference strip drawing tests with lubrication
The diagram in Fig. 3a shows the coefficient of friction over the normal pressure for the reference strip drawing tests with uncoated and a-C:H:Si-coated, unstructured drawing tools against AA5182-H111 under the use of lubrication (2 g/m²). With both drawing tools 35 strips were drawn in each case (five strips per normal pressure). In comparison to the uncoated drawing tool the coefficient of friction of the coated drawing tool decreases significantly less with increasing normal pressure. This can be explained by the fact that the surface structure of the drawing tool was
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Material Forming ESAFORM 2015 preserved by the hard coating and thus no distinct smoothing during the drawing process could take place. On both drawing tools abrasive traces of wear could be detected on the functional surface after the experiments. The wear pattern was distributed homogeneously over the complete width of the functional surface of the uncoated drawing tool. In contrast, only a few scratches were visible on the coated drawing tool due to the higher hardness and strong wear resistance of the amorphous carbon layer (Fig. 3b) . However, the occasional scoring indicates a locally limited premature failure of the coating. It can be assumed that in these regions hard abrasive particles from the aluminium oxide layer of the metal strip led to a local overloading of the layer. The sheet metal surfaces that were exposed to the functional surfaces of the drawing tools show a uniform smoothing, which is visible through the changes in the degree of gloss (oblique illumination). A difference between the sheet surfaces which were mechanically stressed with the coated and uncoated drawing tools cannot be seen. Abrasive or adhesive wear marks are not present on both strips. Fig. 4 represents the coefficient of friction for the unstructured and structured drawing tool under 1 MPa normal pressure (regarded to the unstructured drawing tool). For better visual representation, the curves were smoothed by the formation of moving averages. The analysis of the coefficients of friction showed that the unstructured drawing tool had (in average over the drawing path) the largest coefficient of friction (µ = 0.71). The drawing tools microstructured with calottes showed a decreased coefficient of friction (µ = 0.55) of approximately 22 %. The strongly increased coefficient of friction, in comparison to the experiments with lubrication, can be referred to the aluminium deposits on the drawing tools.
Strip drawing tests without lubrication
The visual inspection of the functional surfaces of the drawing tools showed already after one trial strong adhesive marks of wear under 1 MPa normal pressure (Fig. 5) . The pick-up contaminations occurred mainly near the edges of the functional surfaces of the drawing tools. In some areas a clogging of the calottes with aluminium adhesion occurred consequently microstructures in these areas became ineffective. A comparison between the two curves shows that the curve progressions of the two structured drawing tools are very close together. An unambiguous assignment of the influence of the contact area to the coefficient of friction was thus not possible due to the variances of the values. The investigations of the sheet metal surfaces after the strip drawing tests show a strong scoring in a the longitudinal direction. For applications with high quality standards such topographical changes in the sheet metal surface are not permitted. 
Summary and outlook
The performed strip drawing tests with structured and a-C:H:Si-coated drawing tools have shown that the coefficient of friction in dry metal forming can be reduced in a certain extent by the microstructuring of the drawing tool. However, the level of the determined coefficients of friction is still far too high compared to the lubricated forming. Even at low normal pressures of 1 MPa extensive adhesions on the functional surfaces of the drawing tools and strong scoring on the sheet metal surface occurred using a a-C:H:Si coating and a sheet metal of the alloy AA5182-H111. The examined material combination is therefore not recommended for dry forming of complex sheet metal parts. It is expected that the high quality requirements for sheet metal parts in terms of drawing depth and surface quality cannot be met.
The aim of ongoing activities is to develop appropriate CVD diamond layers which are in their characteristics closer to diamond but often assigned to the class of diamond like carbon (DLC) coatings. Due to the crystallization, the hardness, electric conductivity and optical band gap can be the same as by a genuine diamond. Thereby better coating properties can be obtained. However, the high process temperatures induce residual coating stresses and the CVD diamond layers have a higher surface roughness due to the special manufacturing process. In order to exploit the potential of CVD diamond layers, therefore, a treatment of the surface is required to smooth the surface on the one hand and on the other hand the layer adhesion must be increased by introducing intermediate layers.
